SUMMARY Experiments are reported describing assessment of abnormal behaviour of rats in which a chronic epileptiform syndrome has been induced by the injection of tetanus toxin bilaterally into their hippocampi. The abnormal behaviour included hyper-reactivity to a novel environment, intermittent aggression on handling, and abnormally passive response to a strange rat introduced into their home cage. In animals with unilateral injection of toxin, electrical records from the hippocampi have been obtained. They illustrated bilaterally simultaneous discharges and also some independence between the two hippocampi. The discharges were accompanied by overt signs of complex partial seizures during the first few weeks of the syndrome but later occurred without motor signs. In this later stage the rats were somewhat resistant to the convulsant effects of pentylenetetrazol.
Some patients with temporal lobe epilepsy have been reported to show abnormal personality and behaviour.1-3 There is controversy among clinicians both concerning the incidence of abnormalities and concerning whether if they do occur they constitute an integral part of the epilepsy or result from adverse social conditions in which epileptics find themselves. One wayof investigating this problem is to see whether abnormal general behaviour occurs in animals with experimental epilepsy. We have previously described a chronic, but eventually reversible, epileptiform syndrome in the rat, produced by injecting minute doses of tetanus toxin (bilaterally) into the hippocampus. 4 This syndrome was apparently produced by a specific pharmacological action5-10 of the toxin, since control rats injected similarly with neutralised toxin did not become abnormal, and since there were no gross histological changes in the hippocampus.4
The toxin-injected animals not only have intermittent myoclonic-type seizures and automatisms for some weeks but also become extremely reactive to handling by the experimenter and show sporadic spontaneous aggressive behaviour. Furthermore, the rats showed long-term deficits in their ability to learn and to remember, even at times when the animals no longer had fits and electrical activity in their hippocampi would have returned to normal." 12 The present paper describes the analysis of the behavioural changes seen in the epileptic rats during the epileptiform syndrome. In particular we have assessed quantitatively the hyper-reactivity, the changes in social behaviour, and seizure threshold to pentylenetetrazol. In separate experiments, we have made bilateral electrical recordings from the ventral hippocampi of rats which had been injected unilaterally with tetanus toxin into the ventral hippocampus. (The timing of the initiation and termination of the epileptiform syndrome is similar whether a particular amount of toxin has been injected as a single dose unilaterally or as a divided dose bilaterally (A-K Brink and C Hawkins, unpublished Implantation of recording electrodes Bipolar electrodes were made of double twisted diamel-coated stainless steel, 0 006 inches (0 015 cm) diameter. The tips of the two electrodes were separated from each other by 1 mm. Tetanus toxin was injected at the same operation as that in which the electrodes were implanted. The toxin was injected first and the electrode to be implanted on that side was placed stereotaxically 0 5 mm dorsal to the site of toxin-injection. Another bipolar electrode was implanted in the corresponding position in the opposite, non-injected, hippocampus. The electrodes, plus an earth wire, were wired into a plug which was fixed to the skull of the rat with dental cement.
Recording of hippocampal electrical activity The plugs on the rat's head were connected to a Beckman "Accutrace" 8 channel EEG recorder. At any one time, records from each hippocampus of four rats could be obtained. (or neutralised toxin). At this time, the toxin-injected animals had ceased to have overt fits and their general behaviour had returned to normal.
Results

ACTIVITY MEASUREMENTS
The most obvious effect of the injection of small amounts (5-10 mouse LD5o) of tetanus toxin into the hippocampus in the rats, either bilaterally or unilaterally, was that between one and two days later the animals became difficult to handle. When the lid of the cage was removed they would jump out and dash across the room. They appeared very tense when held and would occasionally bite. This hyperreactivity reached a peak at about two weeks after the injection of the toxin and after that the animals became calmer over the next three weeks. This period of maximum reactivity roughly coincided with the period during which overt fits occurred most frequently (see table 1 ). In order to assess whether this behaviour constituted general hyperreactivity or was an increase in reactivity to stimulation, two experiments were carried out (on the same rats). Two groups of 24 rats were operated upon. A second measurement of activity was made 12 hours later, between 8 pm and midnight, during the hours of darkness when the animals would normally be awake. Table 2 shows that there were no differences between the groups in the activity in the "home cage" at either time of day. This contrasts markedly with the differences in the response of the experimental and control animals to handling at this time after operation. Quantitative assessment of such hyper-reactivity was attempted on these rats by testing their activity in the open field situation (see Methods). Since the animals are most awake at night, the test was done in the evening (between 8 pm and midnight). Table 3 shows that the toxininjected rats were significantly more active in this situation and this is particularly obvious in the score for crossing the outer circle. By 3 months after injection there was no difference in the behaviour in the open field of the two groups of rats (table 4) . Figure 2b demonstrates the finding that almost all the control rats exhibited no passive behaviour whereas more than half of the toxin-injected animals did show some. The difference between the two groups on this score is highly significant (p < 0 001). Figure 2c shows that the toxin-injected rats explored much less than their controls (p < 0-001).
Weight loss Animals which had had tetanus toxin injected bilaterally into the hippocampus lost weight for about two weeks after the operation and then regained their pre-operative weight by abouLt four weeks after the operation. After that they continued to gain weight steadily, and at a rate which exceeded that of their operated controls (fig 3) . This eventually resulted in the weights of the toxin-injected rats being significantly greater with respect to their preoperative weights than the weights of the control group.
PENTYLENETETRAZOL CONVULSION-TIME
We investigated whether the tetanus toxin-induced syndrome might potentiate pentylenetetrazol convulsions-a kindling effect. We measured the time to the first muscle-twitch and to a full convulsion after 75 mg/kg pentylenetetrazol was given intraperitoneally. Mean exploration score time after operation the toxin-injected rats were hyper-reactive and having myoclonic seizures at intervals.) There was no difference in the mean of the times that the toxin-injected and the control rats took to produce some kind of convulsion. However, there was a striking difference in the characteristics of this first convulsion. toxin -injected rats before the production of a full tonic seizure. This time was much more variable however than the times to the first fit in these rats (or to a full seizure in the control rats). In contrast, it was found that animals which had been given injections of toxin 5 months previously In six of these rats there were bilateral hippocampal electrodes and in the other two rats just a unilateral electrode at the site of the injection. In these preliminary studies we have been particularly interested in two things: firstly, the time course of the development of the hippocampal focus, and secondly the relationship between the activity recorded from the hippocampus and the overt signs of complex partial seizures.
(i) The life-history of the epileptic focus In general, the rats started having overt seizures within two days of the operation. While there was then an overall trend for the seizure frequency to increase over the next week or so, there were also enormous variations in the frequency from day to day. In most rats there seemed to be an approximately four-day cycle in seizure frequency. Figure 4 a, b shows the frequency of hippocampal discharges, with and without accompanying overt signs of a fit, in two of the rats from which we have recorded. Within about the first week after the operation, discharges recorded from the hippocampi were associated with overt seizures, the animals rearing and falling and showing myoclonic jerks of the forepaws (and sometimes hindpaws). However, after about a week it was observed that some of the hippocampal discharges occurred without any overt signs of seizure, or at the most a few very small twitches of the facial musculature. These discharges frequently occurred while the animal was asleep, in which case the sleep appeared undisturbed. By about three weeks after the operation, no further overt seizures were seen, but the frequency of the hippocampal discharges remained high for a further two weeks or so. In most animals by the fifth week after the operation, the frequency of the hippocampal discharges was decreasing and no further discharges were seen after the sixth week. It is however ventral hippocampus and at the same operation recording electrodes were implanted in both hippocampi. The total number of hippocampal discharges was counted from the electrical record, and included all those rapid successions of "spikes" lasting more than 15 s (almost all of which lasted more than 30 s). An overt "myoclonic" fit was recorded when the animal stood up on its hind legs and showed myoclonic jerks of the forepaws (and sometimes also of the hindpaws).
interesting to note that in one rat, whose history is illustrated in fig 4b, 39 days after operation, when the seizure frequency had fallen steeply over the preceding days, there was a sudden increase in discharge frequency and the animal died on the 41st day after operation.
(ii) Characteristics of the electrical records 
rat. It can be seen that in both the discharges illustrated (one of which (i) was accompanied by an overt seizure while the other was not) the spiking appears to start synchronously in the two hippocampi. The records then continue to be similar on the two sides for some tens of seconds, but eventually intherecord shown in fig 5(i) the spikes become much larger on the side of the hippocampus which had not been injected with tetanus toxin. This feature, of the non toxin-injected hippocampus apparently taking over during a discharge, was seen frequently in the records from all the rats. Sometimes, in addition, the non toxin-injected side would produce an independent burst of spikes after a discharge.
It was of interest to attempt to determine whether there were features of the electrical record which differed between hippocampal discharges which were accompanied by an overt fit and those which were not. To investigate this, we examined in detail the records of discharges occurring on the same day in the same rat which did and did not produce an overt tit. We were unable to find differences in the amplitude of the spikes or their frequency or in the overall appearance of the discharge. An example of the similarity of the electrical record obtained from ananimal duringmyoclonus and on another occasion, at the same time after the start of the syndrome but where there were no overt motor signs is shown in fig 6 .
Another consistent feature of the electrical records was the occurrence of large interictal spikes (800 ,iv or larger). These were observed during the weeks when hippocampal discharges were occurring and disappeared again when the discharges ceased. Figure 7 shows a characteristic piece of interictal record illustrating these large spikes, compared with the record obtained from the control, uninjected rat.
Discussion
The behavioural results show that the injection of tetanus toxin into the hippocampus in rats makes the animals over-reactive to handling and to the stimulation involved during testing in the open field without producing an increase in their general activity in their home cages. The finding that there was no difference between the number of faecal boli produced by the experimental animals and the controls in the open field suggests that there was no effect of the toxin injection on emotionality (for a discussion see ref 15). In some of the animals the hyper-reactivity is associated with sporadicaggressive behaviour-the animals on some occasions viciously biting objects such as the experimenter's hand or a pencil when they were introduced into the cage. We attempted to investigate this aggressive behaviour t~~~~~~~~~~~~~~~~~. E.9 The interesting finding of the difference in the characteristics of the seizures produced by pentylenetetrazol in the toxin-injected animals as compared with their controls might be relevant to the changes occurring in the brain in human epileptic patients. It appears as if the pentylenetetrazol is able to facilitate the production of the type of electrical discharge which has been produced previously in the animals as a result of the tetanus toxin injection. In contrast, the toxin-injected brain seems to be more resistant to the general convulsive action of the pentylenetetrazol. This observation could be interpreted as suggesting that during the epileptic syndrome, parts of the brain outside the hippocampus have become less sensitive to a convulsant action. Indeed, in the present experiments we have demonstrated that some such promotion of damping mechanisms of the brain must occur in the toxininjected animals since they have overt myoclonic seizures accompanying their hippocampal discharges during the first few weeks after toxin injection but then although the frequency, intensity and general appearance of discharges remains similar for several further weeks, the overt seizures are no longer seen.
The post-operative weight loss which occurs in the toxin-injected animals, and to a much lesser extent in their controls, is probably due to loss of appetite rather than to the increased motor activity associated with the fits, since the rats begin to regain weight at a time when the fits are still occurring frequently. We have three times repeated the finding that the increased rate of weight gain in the toxin-injected animals is maintained after they regain their preoperative weight. Glaser (personal communication) has observed a comparable rebound weight increase in some underweight children with temporal lobe epilepsy after they responded to treatment.
Experiments described elsewhere1 12 on the memories of toxin-injected rats for a test learnt prior to the induction of the epileptiform syndrome show that at least up to nine weeks after operation the animals' memories are impaired. This is at a time about four weeks after the electrical activity in the rats' hippocampi would have returned to normal and about six weeks after they have stopped having overt seizures. Furthermore, animals which have recovered from the syndrome also are impaired in learning new tasks.'8 It is of course dangerous to draw conclusions from "animal models" of human diseases but these findings are at least reminiscent of the probJems in memory, learning and attention which are frequently seen in children with temporal lobe epilepsy.'9 It will be interesting to investigate in the future whether it is possible to find drugs which will treat the abnormal behaviour of the toxininjected animals either as well as or independently of the seizures. It is of importance to confirm (or not) whether the hyper-reactivity and aggression are dependent on the occurrence of overt seizures, and to answer a similar question with respect to the longterm impairments in learning and memory. It may be relevant here that Weinberger and Killam20 have shown learning impairments in baboons with seizures the extent of which were not apparently correlated with frequency of overt seizures.
It is likely that tetanus toxin produces the epileptic focus by blocking the release of GABA from nerve terminals in the hippocampus.5 The behavioural effects of the toxin injection could be due directly to such a block of GABA-mediated transmission. However, the results need not point to any specific role of GABA. It could be predicted that the disorganisation of hippocampal neuronal mechanisms by an epileptic focus within the structure (which apparently produces a contralateral epileptic focus as well (see also ref 21) ) would disrupt a wide range of brain functions.
